Introduction {#sec1-1}
============

Death of many neurons and astrocytes is a common characteristic of nervous system injury and degenerative disease (Decimo et al., 2012). Neural stem cell (NSC) replacement therapy may be a potential approach for treating nervous system injury and degenerative disease (Pluchino et al., 2005; Lindvall and Kokaia, 2006; Imitola, 2007; Simonato et al., 2013), as NSCs are self-renewing, multipotent cells that can give rise to neurons, astrocytes, and oligodendrocytes (Chaubey and Wolfe, 2013; Santamaria et al., 2015; Yuan et al., 2015). In 2012, a Japanese team was the first to transplant NSCs into a Parkinson\'s disease model of the primate brain. They found that the implanted cells had an effect on dopaminergic neurons, and improved intention tremor symptoms (Doi et al., 2012). Additionally, American scientists established a spinal cord injury model, and transplanted oligodendrocyte progenitor cells, which originated from human embryonic stem cells, 7 days after injury. Accordingly, motor function recovered in rats transplanted with oligodendrocyte progenitor cells (Sharp et al., 2010). Previously, we obtained a high proportion of rhesus monkey NSCs by establishing a differentiation system using the embryoid body and single layer methods. Further, we found that long-tailed *Macaca fascicularis* NSCs implanted into the brain of rats or *Macaca fascicularis* can be kept alive and maintain certain functions (Takagi et al., 2005). However, there are differences among different primates (Conti and Cattaneo, 2010). Therefore, whether rhesus monkey and *Macaca fascicularis* NSCs show the same function needs to be confirmed.

Hippocampal integrity is necessary for spatial learning and memory (Squire and Zola-Morgan, 1991; Eichenbaum, 2000; D'Hooge and De Deyn, 2001). In this study, we transplanted rhesus monkey NSCs into rats subjected to hippocampal damage. We had two objectives: first, to observe development and differentiation of these cells in the rat hippocampus, and second, to observe recovery of spatial learning and memory in the rats.

Materials and Methods {#sec1-2}
=====================

Ethics statement and animals {#sec2-1}
----------------------------

Animal studies were approved by the Laboratory Animal Care and Use Committee of Kunming Institute of Zoology, Chinese Academy of Sciences (approval No. SYDW2009013), and performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Precautions were taken to minimize suffering and the number of animals used in each experiment.

Fifty-four adult male, specific-pathogen-free, Sprague- Dawley rats, aged 8--10 weeks and weighing 180--200 g, were purchased from the Experimental Animal Center of Kunming Medical University of China \[license No. SCXK (Dian) 2005-0008\]. All rats were allowed to acclimate to their housing environment for 1 week before beginning the study. Rats were kept in animal cages with free access to water and food. The temperature of the housing room was controlled at 23 ± 2°C with a 12:12 light/dark cycle (lights on 07:00--19:00). Rats were divided into the following five groups: control group (no treatment; *n* = 11), sham group (sham operation only; *n* = 11), lesion group (hippocampal injury only; *n* = 14), vehicle group (hippocampal injury + vehicle; *n* = 8), and NSCs group (hippocampal injury + NSCs; *n* = 10).

Animal model establishment {#sec2-2}
--------------------------

Rats were anesthetized with an intraperitoneal injection of sodium chloride solution (45 mg/kg; Sigma, St. Louis, MO, USA), and then placed in a brain stereotaxic instrument (Shenzhen Reward Life Technology Co., Ltd., Shenzhen, Guangdong Province, China). The head of each rat was conventionally shaved and disinfected with iodophor, and the middle scalp incised. Muscle and other tissues were retracted to expose the skull. Four holes (1-mm pore size) were then drilled in the left and right sides of the skull above the hippocampus. Coordinates for the rat dorsal hippocampus were determined according to the rat brain map (Morris, 1981): posterior 4 mm from bregma, mediolateral 2 mm and 3.4 mm from the midline, and 4 mm down from the skull. A single 0.3-mm-diameter stainless steel electrode was used, which was insulated except for its 0.5-mm pointed tip (Beijing Yidian Technology Co., Ltd., Beijing, China). The electrode was slowly inserted into the dorsal hippocampus perpendicular to the zero level of bregma below the skull. Direct current electrolysis (2 mA for 60 seconds) was performed using a direct current electrical damage gauge (Primate Cognitive Science Laboratory of Kunming Institute of Zoology, Chinese Academy of Sciences). The sham group was subjected to an identical procedure except that current was not passed through the electrode when it was inserted into the dorsal hippocampus. On completion of the surgical procedure, the incision was sutured using locally applied erythromycin ointment. Simultaneously, an intramuscular injection of penicillin sodium (4 × 10^6^ U) was administered to prevent infection.

Preparation of rhesus monkey NSCs {#sec2-3}
---------------------------------

Rhesus monkey NSCs were provided by the Primate Cognitive Science Laboratory of Kunming Institute of Zoology, Chinese Academy of Sciences. Previously, we obtained a high proportion of NSCs using the embryoid body method (Thomson et al., 1998; Kuo et al., 2003) and single layer method (Salli et al., 2004). Specifically, a clone was selected by hand and cut into cell clusters containing approximately 1,000 cells. The suspension was cultured to form embryoid bodies, which were then transferred into neural differentiation medium defined by the extracellular matrix (Sigma). NSCs with rosette ring structures were selected, and the cell suspension concentration modulated to approximately 1 × 10^5^ cells/μL prior to use.

Transplantation of NSCs {#sec2-4}
-----------------------

Transplantation trials of green fluorescent protein (GFP)-labelled rhesus monkey NSCs (Calhoun et al., 2003) were performed 7 days after delivery of direct electrical current damage. Next, selected 5 μL NSC suspensions (including approximately 1 × 10^5^ cells/μL), with a rosette ring structure, were slowly injected into the bilateral hippocampus of rats using a microinjector (Hamilton, Bonaduz, Grischun, Switzerland). The coordinates for NSC implantation were: 4 mm posterior from bregma, 2 mm mediolateral from the midline, and 4 mm below the skull. The injection speed was controlled at 1 μL/min. The needle was kept *in situ* for 3 minutes after transplantation, before slowly removing the microinjector. For the vehicle group, the surgical procedure was identical except for injection of 5 μL sterile PBS (0.1 M) *via* the microinjector, as the transplantation control. An intramuscular injection of cyclosporine A (Novartis Pharma Stein A G, Bonaduz, Grischun, Switzerland) (5 μg/g/d) was administered for 21 consecutive days from the day of transplantation.

Preparation of brain sections {#sec2-5}
-----------------------------

Upon completion of the experiments, rats were deeply anesthetized with sodium chloride solution (45 mg/kg; Sigma), and perfused with 0.9% sodium chloride solution followed by 4% paraformaldehyde through the left ventricle. Each brain was carefully removed from the skull and post-fixed in 4% paraformaldehyde. Brains were stored at 4°C until use, and dehydrated in a gradient sucrose solution (20% and 30%) at 4°C, and cut into 20-μm sections using a freezing-sliding microtome (CMI850, Leica, Frankfurt, Germany).

Observation by confocal laser scanning microscopy {#sec2-6}
-------------------------------------------------

Survival and distribution of the transplanted cells and differentiated rhesus monkey NSCs were examined by confocal laser scanning microscopy. The procedure was as follows: freezing-slides and differentiated rhesus monkey NSCs were dried for 10 minutes at room temperature, immersed in phosphate buffered saline (PBS) for 10 minutes, blocked in 5% normal goat serum (Gibco-Invitrogen, Carlsbad, CA, USA) in 0.1 M PBS with 0.2% Triton™ X-100 (Sigma) for 30 minutes, and then incubated in primary antibodies diluted in blocking solution overnight at 4°C. The primary antibodies used were: mouse anti-rat nestin, class III β-tubulin, and GFP monoclonal antibody (1:200; Invitrogen). After washing, the preparations were incubated in appropriate fluorescent-labeled goat anti-mouse IgG (1:200; Invitrogen) for 1 hour at room temperature. Primary antibodies were omitted in control experiments. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (Sigma). Finally, slides were scanned using a confocal laser scanning microscope (LSM 510 META, ZEISS, Dresden, Germany).

Hematoxylin-eosin staining {#sec2-7}
--------------------------

Cryosections were recovered and dried at room temperature for 1 hour. Slides were immersed in distilled water for 2 minutes, stained with hematoxylin for 7 minutes, and then rinsed with water. After differentiation in hydrochloric alcohol and rinsing in water until blue, sections were stained with eosin for 1 minute, dehydrated briefly in 70% and 80% ethanol, then 95% ethanol I and 100% ethanol II for 1 minute each, followed by 100% ethanol I and 100% ethanol II for 2 minutes each. Sections were cleared in xylene I and II for 8 minutes each. To keep the sections wet, excessive xylene was removed from around the slides, and moderate neutral balsam quickly added. Finally, slides were covered with coverslips. Staining was examined by light microscopy (Leica) to identify hippocampal lesions.

Behavioral assessment {#sec2-8}
---------------------

Motor ability tests were performed in each group 21 days after hippocampal injury.

### Beam balance test {#sec3-1}

Both ends of a cylindrical beam (length 70 cm and diameter 2.5 cm) were fixed to a stainless steel bracket. The bracket height was adjusted to ensure it was parallel to and elevated 40 cm from the ground, on which cushions were placed to avoid injury to the rats. Rats were placed on the central portion of the beam and observed for 30 seconds. The balancing ability of each rat was evaluated according to a scoring code. Rats with normal motor ability were scored at 3. Lower beam balance test scores reflect poorer balancing ability (Combs and D'Alecy, 1987; Mattiasson et al., 2000).

### Prehensile traction test {#sec3-2}

Both ends of a nylon rope (diameter, 0.5 cm) were fixed to a stainless steel bracket. The bracket height was adjusted to ensure it was parallel to and 40 cm elevated from the ground, on which cushions were placed to avoid injury to the rats. The rat was hung in the air with its forepaws on the nylon rope. Gripping ability of each rat was evaluated according to a scoring code. Rats with normal motor ability were scored at 3. Lower prehensile traction test scores reflect poorer gripping ability (Combs and D'Alecy, 1987; Mattiasson et al., 2000).

### Morris water maze test {#sec3-3}

The Morris water maze test is dependent on spatial learning and memory (Morris, 1981, 1984), which is based on integrity of hippocampal structure and function (Miller et al., 2013). The water maze used in this trial was a circular tank (180 cm in diameter, 50 cm in height, and 31 cm in depth), which was divided equally into four quadrants. The rats were placed at four entry points (northwest, north, east, and southeast), following the procedure of Vorhees and Williams (2006). The escape platform was placed in the center of quadrant II (target quadrant) (**[Figure 1](#F1){ref-type="fig"}**). Data collection and recording analysis of movement were performed using the automatic tracking system and software developed by the Primate Cognitive Science Laboratory of Kunming Institute of Zoology, Chinese Academy of Sciences.

![Morris water maze escape platform.](NRR-11-1464-g002){#F1}

Rats were placed into the water maze and orientated by facing the wall. They were allowed to swim freely for 120 seconds to adapt to the environment. If the rat did not find the platform within 120 seconds, it was guided to the platform and allowed to remain for 60 seconds. The hidden platform was used for 5 or 7 consecutive days, four times every day. Next, rats were placed into the water from the center of quadrant III (opposite to the target quadrant) and given a 120-second probe time. Average latency of the rat to find the hidden platform, number of times crossing the platform location in the probe test, percentage of swimming time in the four quadrants (for a duration of 12 seconds), and number of times the rat swam past the escape platform location were recorded (Vorhees and Williams, 2014).

Statistical analysis {#sec2-9}
--------------------

Data expressed as the mean ± SEM were analyzed using SPSS 13.0 software (SPSS, Chicago, IL, USA). Escape latency in the water maze test was analyzed using repeated measures analysis of variance. Percentage of swimming time in each quadrant in the spatial probe trial was analyzed by one-way analysis of variance. Comparison of both groups and number of times crossing the escape platform in the spatial probe trial were analyzed by non-pairwise *t*-tests. Statistical significance was set at *P* ≤ 0.05.

Results {#sec1-3}
=======

Hippocampal morphology in lesioned rats {#sec2-10}
---------------------------------------

Hematoxylin-eosin staining revealed alterations in histological structure of the hippocampus in the lesion group, with destruction of the pyramidal cell layer, cell loss, and a disordered cellular arrangement. The main lesion was located in and surrounding the dorsal hippocampus (**[Figure 2](#F2){ref-type="fig"}**).

![Bilateral dorsal hippocampi injured by electrolysis (hematoxylineosin staining).\
Arrows show the injury site. Scale bar: 20 μm.](NRR-11-1464-g003){#F2}

After 12 days, rhesus monkey NSCs had differentiated into nestin-positive neural cells displaying a typical rosette ring-like structure (**Figure [3A](#F3){ref-type="fig"}**--**[D](#F3){ref-type="fig"}**). During dedifferentiation, cells began to differentiate and exhibited a filamentous morphology, characteristic of long neuronal axons. Immunocytochemical staining showed positive expression of class III β-tubulin protein, a cellular neuronal protein marker (**Figure [3E](#F3){ref-type="fig"}**--**[H](#F3){ref-type="fig"}**).

![Identification of rhesus monkey NSCs.\
(A--D) Rhesus monkey NSCs in culture conditions. (A) Green shows GFP-labeled NSCs. (B) Red shows nestin-positive NSCs. (C) Nuclei were counterstained with Hoechst 33258 (shown in blue). (D) Merged image. (E--H) Rhesus monkey NSCs differentiated into neuron-like cells. (E) Green shows GFP-labeled NSCs. (F) Red shows class III β-tubulin-positive cells. (G) Nuclei were counterstained with Hoechst 33258 (shown in blue). (H) Merged image. NSCs: Neural stem cells; GFP: green fluorescent protein. Scale bars: 100 μm (A--D), 50 μm (E--H).](NRR-11-1464-g004){#F3}

Effect of rhesus monkey NSC transplantation on spatial learning and memory abilities in rats with hippocampal lesions {#sec2-11}
---------------------------------------------------------------------------------------------------------------------

### Behavioral ability {#sec3-4}

There were no statistical differences between groups in the beam balance test (*P* \> 0.05; data not shown) or prehensile traction test (*P* \> 0.05; data not shown). In the hidden platform trial of the Morris water maze test, average escape latency in each group gradually decreased along with increased training time. Compared with the vehicle and lesion groups, mean escape latency was significantly reduced in the NSC group on days 4 to 8 (*P* \< 0.01 or *P* \< 0.05). Compared with the sham group, mean escape latency in the NSC group increased on days 6 and 7 (*P* \< 0.01 or *P* \< 0.05; **[Figure 4A](#F4){ref-type="fig"}**).

![Effect of rhesus monkey NSC transplantation on behavioral ability of hippocampal-lesioned rats in the Morris water maze test.\
(A) Average latency to find the hidden platform. (B) Number of times rats crossed the platform location in 120 seconds in the probe test. (C) Percentage of swimming time in the target quadrant in the probe test. Data are expressed as the mean ± SEM. Percentage of swimming time in each quadrant in the spatial probe trial was analyzed by one-way analysis of variance. Comparison of both groups and number of times crossing the escape platform in the spatial probe trial were analyzed using non pairwise *t*-tests. \**P* \< 0.05, \*\**P* \< 0.01, *vs*. vehicle group; \#*P* \< 0.05, \#\#*P* \< 0.01, *vs*. sham group. NSCs: Neural stem cells.](NRR-11-1464-g005){#F4}

In the spatial probe trial, there was a significant increase in the number of times a rat crossed the platform in the NSC group compared with the vehicle group (*P* \< 0.01; **[Figure 4B](#F4){ref-type="fig"}**). Further, percentage of swimming time in the target quadrant was not higher in the NSC group. Accordingly, there was no significant difference compared with the vehicle group (*P* \> 0.05), although there was a significant difference between the NSC and sham groups (*P* \< 0.05; **[Figure 4C](#F4){ref-type="fig"}**).

### Hippocampal lesions {#sec3-5}

Confocal laser scanning microscopy showed that a number of cells had long neuronal axons (**[Figure 5A](#F5){ref-type="fig"}**). GFP-labeled cells with long axons grew on the surface of the brain (**[Figure 5B](#F5){ref-type="fig"}**). A large amount of GFP-labeled cells grew and integrated into the brain parenchyma (**[Figure 5C](#F5){ref-type="fig"}**). Some GFP-labelled cells had distributed along the direction of the injection needle (**[Figure 5D](#F5){ref-type="fig"}**).

![Effect of rhesus monkey NSC transplantation in hippocampal-lesioned rats.\
(A--C) GFP-labeled cells in recipient brain. (A) GFP-labeled cells (green) with long axons. (B) A long neuron with a filamentous morphology, growing on the surface of the brain (green). (C) A long neuron with a filamentous morphology has grown and integrated into the brain parenchyma (green). (D) GFP-labeled cells (green) along the needle direction in the recipient brain. Recipient brain is stained in brown. NSCs: Neural stem cells; GFP: green fluorescent protein. Scale bars: 20 μm (A), 50 μm (B, C), 200 μm (D).](NRR-11-1464-g006){#F5}

Discussion {#sec1-4}
==========

Effect of rhesus monkey NSC transplantation on spatial learning and memory abilities in hippocampal-lesioned rats {#sec2-12}
-----------------------------------------------------------------------------------------------------------------

Here, we show that transplantation of rhesus monkey NSCs improves spatial learning and memory in hippocampal-lesioned rats. This is consistent with findings from Japanese and American researchers, who have succeeded in recovering motor ability in animal models by transplanting human embryonic stem cells (Sharp et al., 2010). Multiple studies (Sinson et al., 1996; Riess et al., 2002) have demonstrated that cell replacement therapy contributes to movement recovery in injured animals, yet as movement recovery has been the predominant focus, the influence on the brain is unknown. In our previous study (Dong et al., 2012), we obtained rhesus monkey NSCs that had differentiated from embryonic stem cells *in vitro*. In particular, at the early stage, these cells could be applied to transplantation research. In our current experiment, reduction of mean escape latency in the NSC group shows that NSC transplantation improves spatial learning ability in lesioned rats. Also, increased number of platform crosses in the NSC group shows enhanced ability to accurately locate the platform in the NSC group, indicating that NSC transplantation may improve spatial memory in injured rats. However, the percentage of swimming time in the target quadrant did not increase. Thus, damaged spatial memory did not completely recover after transplantation, perhaps because it was not so strengthened enough for slow extraction of memory information (Miller et al., 2013), although this needs further confirmation. Our findings are not only conducive to investigating the potential application of NSCs, but also provide an experimental basis and data for treatment of neural regeneration and injury clinically.

Effect of transplantation time on transplantation results {#sec2-13}
---------------------------------------------------------

We transplanted rhesus monkey NSCs 1 week after injury. Increasing evidence suggests that successful cell replacement therapy should consider the time window of transplantation (Lindvall and Kokaia, 2010), as there is a serious inflammatory reaction because of acute injury. During this particular pathological state, the signaling balance of the internal environment is destroyed, and the resulting high concentration of inflammatory mediators and many cytokines are not conducive to transplanted cell survival. Consequently, the acute phase is not appropriate for transplantation (Ryu et al., 2009). In the chronic stage of injury, glial scar formation can lead to regeneration difficulties, and is not suitable for transplantation (Calhoun et al., 2003; Mochizuki et al., 2008). About 1 week after injury, the acute phase of injury is over, but the glial scar has not yet formed. Moreover, the local microenvironment is favorable for survival of transplanted cells, and is a good opportunity for transplantation (Harting et al., 2009). Therefore, 1 week after injury is a suitable NSC transplantation time, and likely has an important effect on the success of transplantation. For further *in vitro* studies, it will be beneficial to examine transplantation time.

For heteroplastic transplantation, a high quantity of NSCs is not necessarily beneficial to transplantation. When human-derived NSCs were transplanted into the brain of adult rats in concentrations of 2 × 10^5^, 1 × 10^6^, and 2 × 10^6^ cells, Ostenfeld et al. (2000) found that growth and survival in the 2 × 10^5^ cells group was best. This may be due to the low concentration of cells in the transplantation group being more conducive to axonal growth, and with a smaller number of cells, there will be a smaller immune rejection (Hernández-Benítez et al., 2012). NSC implantation at the original lesion site can reduce injury time of the second brain injury (Davie and Petersen, 2012; Ramasamy et al., 2013). Relevant measures to ensure full survival of transplanted cells include all of the above in our study.

Future studies must face the challenge of finding the mechanisms underlying the observed improvements: (1) reasons for behavioral improvement; (2) differentiation of cells in the brain post-transplantation and establishment of *in vivo* function; (3) whether neural growth factor is produced by NSCs; (4) effect of transplanted NSCs and host cells; and (5) how these cells alter behavioral function by interacting other downstream factors.
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